Summary Multicellular tumour spheroids are cellular aggregates that can be prepared from many types of tumour cells. These three-dimensional structures provide a model for analysing the effects of cell-cell contact and intercellular microenvironments on phenomena such as autocrine regulation of growth factor synthesis. Autoregulation of the synthesis of transforming growth factor-a (TGF-a) was investigated at the message and protein levels in spheroid and monolayer cultures prepared from the A431 human squamous carcinoma cell line. The epidermal growth factor receptor (EGF-R) of these monolayer A431 cells had an average surface density of 2.2 x 106/cell. Constitutive expression of TGF-a mRNA was an average of 3-fold greater in A431 spheroids than in monolayers, even for densely packed, confluent monolayers. This effect did not depend on hypoxic stress within the spheroids. TGF-a protein sythesis was enhanced in comparison with that in monolayer culture, reaching a value of up to 2-fold greater on a per cell basis. These results are discussed in the context of a TGF-a/EGF-R autocrine loop operating within cells that produce high local concentrations of TGF-a in the three-dimensional architecture of a spheroid.
Transforming growth factor-a (TGF-x), a ligand for the epidermal growth factor receptor (EGF-R), is produced by many cell lines obtained from tumours and by some virally transformed cells (DeLarco & Todaro, 1978; Todaro et al., 1980; Derynck et al., 1987) . The widespread occurrence of TGF-x expression in neoplastic and transformed cells, coupled with the presence of its receptor on many of these cells, led to the hypothesis that this growth factor can contribute to the development of neoplasia through an autocrine loop (Sporn & Todaro, 1980) . In support of this growth mechanism, TGF-a is known to be induced by an autocrine response in human keratinocytes and may regulate cell proliferation in the epidermis (Coffey et al., 1987) . Overexpression of the EGF-R occurs in a variety of human tumours and has been strongly associated with transformation. These observations provide further support for the importance of the TGF-a/ EGF-R autocrine loop in human cancer (Xu et al., 1984; King et al., 1985; Chen et al., 1991) .
The EGF group of polypeptide regulatory molecules includes EGF precursors, TGF-a, amphiregulin, and the vaccinia virus growth factor precursor (Massague, 1990) . The mature secreted form of TGF-a is a 50-amino-acid polypeptide cleaved from a 160-amino-acid precursor called pro-TGF-a that has transmembrane forms. Transmembrane pro-TGF-x, which can be glycosylated as well as palmitoylated, can also be cleaved to produce heterogeneously glycosylated soluble forms (Massague, 1990) . Membranebound pro-TGF-.a has been proposed to possess biologically relevant cell-cell adhesion and cell-cell receptor activation properties (Massague, 1990; Brachmann et al., 1989; Wong et al., 1989) . Cell-cell signalling by membrane-bound pro-TGFx would be a significant phenomenon in cellular aggregates, where cells other than those of the outer layer are surrounded by neighbours.
Many types of cancer cells can be cultured as three-dimensional structures, called multicellular spheroids (Sutherland, 1988 (Sutherland, 1988) , lowered extracellular pH (Acker et al., 1987) , and glucose gradients (Casiari, 1989) (Kwok & Sutherland, 1989; and TGF-a. These cells have very high surface densities of the EGF-R (Cowley et al., 1986; Yamamoto et al., 1986 This procedure was validated by comparing the autoradiographic bands for 28S rRNA obtained by probing membranes with a 32P-labelled 1.0 kb DNA restriction fragment containing 28S rRNA sequences. RNA was transferred to Hybond-C extra nitrocellulose membranes (Amersham, Arlington Heights, IL) and fixed to the membranes by UV crosslinking using a UV Stratalinker 1800 (Stratagene, La Jolla, CA). DNA probes were labelled by the random primer technique using cz-32P-dCTP (Amersham) Hybridisations.were performed in 20% formamide for 12 to 16 h at 42°C in a rotary hybridisation incubator (Robbins Scientific, Sunnyvale, CA). Autoradiographs of the membranes were produced using Kodak X-AR film and two Dupont Cronex Plus intensifying screens at -80°C for 24 to 48 h. Densitometry was accomplished using a BVI 4000 image analyser (Biological Vision, Inc., San Mateo, CA).
Immunofluorescence staining of TGF-a on spheroid sections Suspensions of 6 x 105 A431 cells in 10 ml of 10% DMEM were plated on 100 mm Lab-Tek dishes (Naperville, IL) containing 10 ml of 2% Bacto Agar (Difco Laboratories, Detroit, MI) prepared in 10% DMEM. After incubation in 5% CO2 at 37°C for 4 days, the spheroids were collected and centrifuged at 228 g for 1 min and the pellet was resuspended in an equal volume of O.C.T. Compound (Miles Inc., Elkhart, IN). Droplets having a diameter of less than 5 mm were frozen on a Teflon platform cooled to -56°C and stored at -80°C. Cryostat sections were cut to a thickness of 10 ltm, air dried, and stored at -70°C. 
Radioimmunoassay analysis for TGF-c
Quantitative analysis of TGF-o at the protein level was accomplished using an RIA kit from Biomedical Technologies (Stoughton, MA) . Monolayer and spheroid cultures were prepared as described above. For monolayer cultures, A431 cells were plated into 100 mm petri dishes at 1.2 x 106, 6 x 105, and 2 x 105 cells/dish. Spheroid cultures were grown by plating 1.2 x 106 cells per 100 mm dish. After 4 days of incubation, the monolayers and spheroids were lysed using a buffer containing 1 x PBS, 1% Triton X-100, 21 jAg ml-' aprotinin, 1 mM PMSF, 0.5 gig ml-' leupeptin, 10 gg ml-I DNase, 10 ig ml-' RNAase, and 4.9 mM MgCl2 (biochem- icals not mentioned previously were obtained from the Sigma Chemical Co., St Louis, MO). Lysates were centrifuged at 12,000 r.p.m. in a refrigerated microfuge, and the protein concentrations of the supernatants were determined using a bicinchoninic acid (BCA) assay (Pierce Chemical Co., Rock-ford, IL). The concentrations were adjusted to the lowest sample concentration (3.371 gml-1) and the samples were stored at -80°C. Average cell densities (cells per square centimetre) were determined after trypsinisation and counting of dishes for different plating densities, and total protein densities (micrograms of total protein per square centimetre) were calculated. Figure 1 . The value of Sp/Mo is 1.8 for the lower density monolayer (exponential growth phase) and 2.2 for the higher density monolayer (plateau growth phase); in this particular experiment, TGF-x message levels are 2 fold greater in day 4 spheroids compared with those in day 4 monolayers, even at confluency.
Considering the size distribution of day 4 spheroids used in these experiments, it could be argued that microenvironmental effects such as oxygen or nutrient deprivation may contribute in some way to the observed differences in amounts of TGF-a message between the spheroid and monolayer cultures. While this hypothesis is unlikely for spheroids having diameters smaller than approximately 100 Lm (Sutherland, 1988) , an experiment was performed in which day 4 spheroids and exponentially growing day 4 monolayers were subjected to severe hypoxic stress for 15 h. An autoradiograph from the Northern blot obtained for this experiment is shown in Figure 2 . The values of Sp/Mo are 2.7 for the aerobic cells and 3.1 for the hypoxic cells. This experiment shows that there was little or no change in the levels of mRNA for TGF-ac in either the spheroid or monolayer cultures as a consequence of hypoxic stress. In addition, a 3 fold differential in relative TGF-a message levels between the two cultures was maintained on day 5.
Effect of EGF on TGF-a mRNA in day 4 A431 spheroid and monolayer cultures In Figure 3 , histograms are shown for the relative values of TGF-a mRNA levels normalised to time 0 for the corresponding day 4 spheroid and exponential monolayer cultures exposed to 10 ng ml-' of recombinant murine EGF for up to 2 h. These results combine six independent experiments. Because the values for subsequent times are presented relative to the 0 h time point for the same type of culture, they do not reflect the enhancement of message for spheroids vs monolayers described above. Within experimental error, there is no detectable effect on the message levels in the spheroids but there is a gradual response in the monolayers such that message levels increase with the length of exposure to EGF. This response of the A431 monolayer cells to EGF is in accord with an autocrine induction of TGF-a mRNA similar to that described for human keratinocytes (Coffey et al., 1987) .
The result obtained for the spheroid cultures would be predicted, because diffusion studies in this laboratory using '25I-EGF have demonstrated that penetration by the polypeptide depends on concentration, exposure time, and age of the spheroid. For example, using day 3 spheroids exposed to lOngml-' EGF, we found that penetration was limited to the outermost cell layers within 2 h and became evenly distributed only by 24 h (Mansbridge et al., submitted to J. Cell Physiol.). For day 4 A431 spheroids exposed to 10 ng ml-' of EGF, penetration would probably be limited to the outermost cell layer after 2 h. Figure 4 shows day 4 A431 spheroid sections that display TGF-x protein by indirect immunofluorescence. The pattern of immunostaining is uniform and predominantly cytoplasmic, and there is no significant distinction between TGF-a protein expression on the section prepared from a spheroid not exposed to EGF (a and b) and that from a spheroid exposed to 1O ng ml1 of EGF for 2 h (c and d).
Determination of TGF-c protein in day 4 spheroid and monolayer cultures by radioimmunoassay Figure 5 demonstrates that day 4 spheroid cultures contained more TGF-o protein per cell than the most densely packed Figure 4 Indirect immunofluorescence from day 4 A431 spheroid sections exposed to a monoclonal anti-TGF-a antibody.
Preparation of the spheroid sections is described in the Materials and methods section. All sections were stained in parallel under identical conditions. The scale bar represents 24 Lm. a, section from a spheroid stained in the absence of EGF; b, control for a in which no anti-TGF-a primary antibody was present; c, section from a spheroid stained after exposure of the original spheroid to 10 ng ml-I of EGF for 2 h; d, control for c in which no anti-TGF-a primary antibody was present. (DiMarco et al., 1989) . This report demonstrates that three-dimensional cultures of human squamous carcinoma cells can be used to investigate important parameters of the TGF-a/EGF-R autocrine loop associated with both ligand and receptor.
Day 4 A431 spheroids showed constitutive expression of TGF-a mRNA 3 fold greater on the average than that found in day 4 monolayers in exponential or plateau growth phases. This relative enhancement of message is unlikely to arise from diffusion barriers to oxygen or to changes in extracellular pH within the spheroids, because no effect of prolonged severe hypoxia on relative message levels was observed (Figure 2) . Depending on the monolayer density chosen for comparison, within experimental error TGF-a protein was present at levels 1.3-to 1.9-fold greater on a per-cell basis in the spheroid cultures ( Figure 5 ). These (Casiari, 1989) . The diffusion characteristics of tritiated L-glucose indicate a high degree of tortuosity in the intercellular spaces of A431 and other spheroids (Casiari et al., 1988) . Thus, the secretion of TGF-a into the confined intercellular spaces within a spheroid is likely to generate high local concentrations of growth factor among the packed cells. In the presence of relatively high surface densities of TGF-a receptors (EGF-R), ligand binding could be diffusionlimited or could approach this limit (Wiley, 1988) . Such an effective enhancement of EGF-R affinity could cause an increased synthesis of TGF-o mRNA and protein relative to monolayer cultures through amplification of the positive feedback loop associated with TGF-a synthesis. Simultaneous amplification of a negative feedback loop through down-regulation of the EGF-R after ligand binding could establish a relatively high steady state for ligand synthesis and secretion.
Negative feedback control or attenuation of the EGF-R response by receptor internalisation in A431 cells has been reported at high levels of EGF binding (Wiley, 1988) . Previous work in our laboratory has established by Scatchard analysis that surface expression of the EGF-R on A431 cells cultured as day 4 spheroids is reduced relative to the number of surface receptors on the corresponding monolayer cells (Mansbridge et al., submitted to J. Cell Physiol.) . For this A431 clone, the spheroids have, on the average, 3.4 x 105 ± 0.4 x 105 total surface receptors/cell, whereas expontential monolayers have 22.0 x 105 + 9.3 x 105 total surface receptors/cell. These values represent a down-regulation within the range of 4-to 8-fold. Ligand binding within spheroids almost certainly contributes to this receptor down-regulation, although the process is complex and is influenced by other factors such as binding affinity and the saturability of endocytosis (Wiley, 1988; Wiley & Cunningham, 1982) .
Effects on TGF-a synthesis of differentiation phenoma that produce subpopulations of cells in A431 spheroid and dense monolayer cultures may have a causal role in the enhanced production of TGF-a message and protein. Morphological indications of epithelial differentiation have been reported for A431 and CaSki cell monolayers, 14, 21, and 30 day spheroids, and tumour xenografts (Kneuchel et al., 1990) . However, we have not observed differences in EGF-R distribution that can be attributed to cellular heterogeneity within day 4 A431 spheroid sections or in day-4 monolayers by immunofluorescence (data not shown) using the mouse monoclonal antibody EGFR1 (Amersham, Arlington Heights, IL). This antibody competes with EGF for binding to the receptor. Presumably critical subpopulations of cells that may contribute to the enhanced synthesis of TGF-a would be subject to autocrine effects caused by the relatively high concentrations of TGF-a present in day 4 spheroids. The relevance of such subpopulations to TGF-a and EGF-R synthesis will be investigated.
In spheroids, biologically active, membrane-bound pro-TGF-a could contribute to the initiation of signal transduction in adjacent cells through EGF-R activation. Our study cannot address this issue directly because the Western blotting results for enhanced pro-TGF-a synthesis within spheroids compared to monolayers do not permit a discrimination between cytoplasmic and membrane-bound forms. In addition, polyclonal antihuman TGF-a antiserum was used in the radioimmunoassay for detecting TGF-a protein, and thus all forms of TGF-a present were antigens. However, if membrane-bound pro-TGF-a is biologically active in A431 cells, it is possible that direct activation of EGF-R signal transduction by cell-cell contact is an important property of a spheroid model of the autocrine loop.
In summary, TGF-o synthesis was enhanced at the message and protein levels in A431 multicellular spheroids compared with those in A431 monolayers. This result constitutes an effect of intercellular microenvironments or cell-cell contact on the autoregulation of a growth factor and provides evidence of the importance of such an effect on the activity of the TGF-a/EGF-R autocrine loop in a tumour cell line. We propose that this phenomenon observed in spheroids is a more accurate representation of the in vivo situation for TGF-o synthesis than has been observed in two-dimensional cultures, and that spheroids can be used to investigate the autocrine loop. Small multicellular spheroids may be valuable for the investigation of potential therapeutic agents that are capable of intercepting autocrine responses.
